Cellular uptake of double-stranded DNA (dsDNA) triggers strong innate immune responses via activation of NF-κB transcription factor. However, the detailed mechanism of dsDNA-mediated innate immune response remains yet to be elucidated. Here, we show that the expression of tazarotene-induced gene 3 (TIG3) is dramatically induced by dsDNA stimulation, and the siRNA-mediated down-regulation of TIG3 mRNA results in significant suppression of dsDNA-triggered cytokine expression. Because TIG3 has been previously shown to physically interact with transglutaminase (TG) 1 to activate TG activity, and TG2 has been shown to induce NF-κB activity by inducing IκBα polymerization, we tested whether TG also plays a role in dsDNA-mediated innate immune response. Pre-treatment of TG inhibitors dramatically reduces dsDNA-triggered cytokine induction. We also show that, in HeLa cells, TG2 is the major TG, and TIG3 physically interacts with TG2. Combined together, our results suggest a novel mechanism of dsDNA-triggered innate immune response which is critically dependent on TIG3 and TG2.
Introduction
Innate immune responses against pathogen associated molecular patterns (PAMPs), such as lipopolysaccharide, triacyl lipopeptide, flagellin, CpG island, double stranded RNA (dsRNA) and double stranded DNA (dsDNA), are triggered by pattern recognition receptors (PRRs) including membrane associated toll-like receptors (TLRs) and cytosolic receptors. [1] [2] [3] [4] DsRNA, a gene fragment of RNA viruses, is recognized by retinoic acid inducible gene-I (RIG-I) like helicases (RLH). Mitochondrial interferon-beta promoter stimulator 1 (IPS-1, also called VISA, Cardif and MAVS), act as a adaptor molecule and transfer not only RLHmediated signals to FADD and RIP1 for activating NF-κB but also TBK1 and IKK-ε for activating IRF3. Subsequently, NF-κB and IRF3, major transcription factors activated during anti-viral innate immune responses, induce the expression of anti-viral related genes such as pro-inflammatory cytokines, type I interferons and anti-viral effectors.
4-6
Recent studies revealed that DNA-dependent activator of IFN regulatory factors (DAI, also called DLM-1/ZBP1), recognizes cytosolic dsDNA 7, 8 and activates IRF3 pathway and NF-κB pathway through inducing TBK1 and IRF3 association and RIP1 recruitment, respectively.
9-11 AIM2 is another cytosolic dsDNA sensor and this protein senses dsDNA via its HIN200 domain and binds to ASC, the adaptor molecule, via their PYD domains leading to form inflammasome complex which activates pro-caspase-1 to mature caspase-1. Caspase-1 subsequently leads to programmed cell death through activation of both IL-1β and IL-18.
12-15
Members of transglutaminases (TGs) family are Ca 2+ -dependent cross-link enzymes which generate ε-(γ-glutamyl)lysine isopeptide bond through an acyl-transfer reaction between the γ-carboxamide group of glutamine residue of one peptide and the ε-amino group of lysine residue of another peptide. [16] [17] [18] The products of the cross-link reaction are further polymerized by TGs, which consequently form high-molecular-mass protein aggregates. 19 In mammals, nine separated TG isoenzymes have been reported including type I TG, the keratinocyte TG which activates on terminal differentiation of keratinocyte, and type 2 TG, the ubiquitous tissue TG. 20 The localization, tissue distribution, and physiological features are the criterion of categorizing TG subtypes.
21,22
Recently, it has been reported that recombinant TG2 inhibitors have anti-inflammatory effects of allergic conjunctivitis to ragweed in a guinea pig model. 23 Dysregulation of TG2 associated with abnormal activation of T cell leading to autoimmune inflammatory myopathies and celiac disease. 24, 25 The increase of TG2 expression during LPS treatment in BV2 microglia triggered the activation of NF-κB activity through forming high molecular weight IκBα aggregates.
26
TG1 is an important TG isoenzyme which is activated during keratinocyte terminal differentiation leading to form cornified envelope. 27, 28 Recent study showed that TG1 forms a complex with type II tumor suppressor protein Tazaroteneinduced gene 3 (TIG3, also called RARRES3 and RIG1) and the complexation markedly increases TG1 activity which triggers the differentiation of keratinocyte. 29, 30 TIG3 is a low molecular-weight protein which has been identified in retinoidtreated cultured epidermal keratinocytes. 31 In epithelial cancer cells, TIG3 acts as a type II tumor suppressor to inhibit cell proliferation via suppression of Ras activity which consequently induces cellular apoptosis at the Golgi apparatus.
32,33
Here, we demonstrate a novel signaling pathway involving both TIG3 and TG2 upon dsDNA-triggered innate immune response. TIG3 expression is induced by dsDNA stimulation and subsequent co-localization with TG2 enhances its enzymatic activity which consequently leads expression of various anti-viral cytokines through activation of NF-κB activity.
Experimental
Cell Culture. HeLa, HEK293, T98G and AGS cell lines were purchased from the American Type Culture Collection and maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco) containing 10% fetal bovine serum and penicillin/streptomycin (100 U/mL penicillin and 100 g/mL streptomycin), and cultured at 37 o C with 5% CO 2 . Cells were regularly subcultured to maintain exponential growth.
siRNA Transfection. One day before transfection, cells were plated in 12 well plates for 50% confluency in complete medium without antibiotics. After 24 h, siRNAs were transfected into the cells using Lipofectamine2000 reagent (Invitrogen) according to the manufacturer's protocol. poly-(dA:dT) transfection was performed 48 h after siRNA transfection for indicated time.
Quantitative Real-time PCR. Cells were harvested 48 h after transfection, and total RNA was extracted using Trizol (Ambion) according to the manufacturer's instructions. 500 ng of total RNA was used for cDNA synthesis using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and an oligo-(dT) 15 primer. Aliquots (1/10) of the cDNA reaction mixture were analyzed by quantitative real-time PCR on a StepOne TM Real-Time PCR Systems (Applied Biosystems) according to the manufacturer's protocol. Primer sequences for the PCRs were described in Supplementary Table 1. Co-Immunoprecipitation. One μg of Flag-tagged vector only, wild-type TIG3 or TIG3 1-134 in p3XFlag-CMV (Sigma) was co-transfected with TG1 or TG2 in pcDNA3.0 (Invitrogen) expression vector into 293T cell line which was grown in 60 mm dish. 24 h later, cells were lysed with lysis buffer [50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA] and quantified by BCA method. 500 μg of whole cell lysate was incubated with 1 μg of antibody specific for TG1 (SantaCruz Biotechnology) or TG2 (CUB7402, NeoMarkers) or 20 μL of Flag antibody conjugated agarose beads (Sigma) for 2 h at 4 o C. Binding partners of either TG1 or TG2 antibody were subsequently precipitated with protein A/G agarose beads (SantaCruz Biotechnology). After washing three times the agarose beads, 1X sample buffer was added to each samples and boiled to elute precipitated proteins. Subsequent western blot was performed.
Western Blot. Cells were washed twice with 1X PBS, lysed with lysis buffer. Protein concentration was measured by BCA method. 30 μg of total lysate or 15 μL of immunoprecipitated product was mixed with 5X sample buffer and loaded to 10% sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-PAGE). Samples were electrophoretically transferred onto PVDF membrane (Immune-Blot TM PVDF membrane, BioRad). Proteins of interest were detected with specific antibodies as indicated, and then visualized with an enhanced luminal-based chemiluminescent Western blot detection kit (WESTSAVE TM , Abfrontier Korea). Dual-Reporter Luciferase Assay. One day before transfection, HeLa cells were plated in 24 well plate and grown to 80% confluency in complete medium without antibiotics. Cystamine (50 μM) or MDC (100 μM) was treated and 12 h later, first transfection was performed with NF-κB reporter plasmid (100 ng, pNF-κB-Luc, Stratagene). Renilla luciferase vector (1 ng, pRL-SV40, Promega) was co-transfected for normalization. In case of plasmid transfection, Lipofectamine and Plus reagent (Invitrogen) was used according to manufacturer's instruction. The 24 h later the second transfection of poly(dA:dT) (5 μg/mL, Sigma) was performed for indicated time and luciferase activity was determined using the Dual-Luciferase Reporter Assay System (Promega). Results were quantified with the 20/20n Luminometer (Turner Biosystems).
Results and Discussion
The Role of TIG3 Upon dsDNA-triggered Innate Immune Responses. We have accidentally found that the expression of TIG3, a H-Rev-107 family of class II tumor suppressor, [31] [32] [33] was highly induced upon dsDNA stimulation. The mRNA level of TIG3 started to increase in 4 h after transfection of poly(dA:dT) and continued to increase ( Fig. 1(a) ). The protein level of TIG3, which was undetectable before dsDNA stimulation, also increased and was visible starting 12 h after poly(dA:dT) transfection (Fig.  1(b) ).
We then tested whether other members of H-Rev-107 tumor suppressor family or tazarotene induced gene (TIG) family are similarly induced upon dsDNA stimulation in various cell lines. Among tested genes, only TIG3 showed dramatic induction of gene expression upon dsDNA stimulation in all tested cell lines (Supp. Fig. 1 ). We also tested whether TIG3 gene induction can be triggered by dsRNA stimulation, such as poly(I:C) transfection. Supp. Figure 1 shows that the TIG3 gene expression was not affected by poly(I:C) stimulation, which led us to hypothesize specific relationship between TIG3 and dsDNA-triggered innate immune response.
To understand the functional role of TIG3 in dsDNAtriggered innate immune stimulation, we suppressed TIG3 expression using siRNA and then measured the induction level of various cytokines upon poly(dA:dT) transfection. The induction of cytokines such as IL8, IL6, OAS2 and IFN-β was significantly inhibited by siRNA-mediated inhibition of TIG3 gene induction, suggesting that the up-regulation of TIG3 gene expression plays an important role in dsDNAtriggered cytokine induction (Fig. 1(c) ).
Inhibition of TG Activity Reduces dsDNA-triggered Cytokine Induction via Attenuation of NF-κB Activity. Recent studies reported that TIG3 can activate TG1 through physical association, which then subsequently leads to terminal differentiation of keratinocytes. 29, 30 In addition, several studies demonstrated the activation of NF-κB activity by the TG activity of TG2 through polymerization of IκBα.
26,34-37 These previous results led us to hypothesize that TIG3 protein induced upon dsDNA stimulation might influence TG activity in HeLa cells, which in turn activate NF-κB activity to up-regulate cytokine level.
In order to test whether TG activity is involved in dsDNAtriggered anti-viral innate immune responses, we first treated HeLa cells with MDC or Cystamine, general inhibitors of TG activity. After 16 h incubation with TG inhibitors, poly(dA:dT) was transfected into the cells for indicated time. Subsequently, the expression of various cytokines such as IL8, IL6, TNF-α and IFN-β was measured. The expression of innate immune-related cytokines was increased in the cells without TG inhibitor treatment (Fig. 2(a) ). In contrast, TG inhibitor pre-treatment significantly reduced cytokine induction, indicating that TG activity is essential for dsDNA-triggered innate immune response (Fig. 2(a) ). Interestingly, the induction of TIG3 mRNA level by poly-(dA:dT) transfection was also effectively attenuated by MDC or cystamine pre-treatment (Fig. 2(a) ).
Next, we tested whether TG inhibitors also suppress NF-κB activity. After pre-treatment of TG inhibitors, we transfected cells with pNF-κB-Luc reporter vector along with poly(dA:dT) and then measured luciferase activity. As shown in Figure 2(b) , HeLa cells pre-treated with TG inhibitor almost completely suppressed the NF-κB luciferase activity which is induced upon poly(dA:dT) transfection. These results are consistent with our hypothesis that TG activity regulates the expression of cytokines through NF-κB activation in dsDNA-triggered innate immune response.
TG2 Physically Interacts with TIG3 via C-terminal Hydrophobic Region. It has been reported that there are eight proteins in TG protein family. 17 To test which TG subtype is essential for mediating dsDNA-triggered innate immune response in HeLa cells, we measured the expression level of all TG subtypes in HeLa cell line. As shown in Supp. Figure 2 (a), TG2 was highly expressed in HeLa cell line, and low level TG1 expression was also detected at mRNA level. TG1 protein expression, however, was not detected (data not shown), whereas strong signal for TG2 protein was detected by Western blotting in HeLa cells (Supp. Fig. 2(b) ). On the other hand, we were not able to detect any expression of other TGs, suggesting that TG2 is the major TG in HeLa cell line.
Since TG2 was mainly expressed in HeLa cells, we hypothesized that TG2 might play a major role in dsDNAtriggered innate immune response. Therefore, the increased TIG3 expression level might be associated with the induction of TG2 activity by physical interaction, similar to the published report showing that TIG3 associates with TG1 and increases TG activity. 29, 30 To test our hypothesis, we performed co-immunoprecipitation experiment to verify if TG2 physically interacts with TIG3. Flag-tagged wild type TIG3 was co-expressed with either TG1 or TG2 in 293T cell line, and then co-immunoprecipitation was performed either by precipitating TIG3 with Flag-conjugated agarose beads ( Fig. 3(a) ), or precipitating TG1 or TG2 using anti-TG1 or TG2 antibodies, respectively (Fig. 3(b) ). In both cases, we found that TIG3 interacts with both TG1 and TG2 (Fig. 3(a) and (b)).
Jans et al. have shown that the C-terminal hydrophobic region of TIG3 is critical for the interaction between TIG3 and TG1.
38 Therefore, we further tested whether the Cterminal hydrophobic region of TIG3 is also important for the interaction between TIG3 and TG2. A C-terminal truncated TIG3 variant (TIG3 1-134) with Flag epitope vector were generated and its expression was confirmed by western blot (Fig. 3(c) ). As expected, neither TG1 nor TG2 co-precipitated with Flag-tagged TIG3 1-134 (Fig. 3(c) lane 4, 7) whereas full length TIG3 interacted with both TG1 and TG2 (Fig. 3(c) lane 3, 6 ). Inverse co-immunoprecipitation using TG2 antibody also confirmed that TG2 interacts with fulllength TIG3 but not with C-terminal truncated TIG3 1-134 (Fig. 3(d) ). Taken together, these results demonstrate that the physical association of TG2 with TIG3 through the Cterminal hydrophobic region of TIG3.
The mechanism of dsDNA-triggered anti-viral innate immune responses was reported by several recent studies. 1, 8, 10, [13] [14] [15] Also, a number of studies demonstrated the essential role of TG2 in inflammatory responses. 23, 26, 36, [39] [40] [41] However, the involvement of TG2 in dsDNA-triggered immune response has not been reported. In this study, we discovered the critical importance of TG activity in dsDNA-triggered immune response based on our serendipitous finding of the role of TIG3 in the same mechanism. Our co-immunoprecipitation experiment demonstrates for the first time that TIG3 interacts not only with TG1, which is mainly expressed keratinocyte for activating terminal differentiation, as previously reported, but also with TG2, which is ubiquitously expressed and known to regulate NF-κB. The interaction between TIG3 and TG2 is mediated by the C-terminal hydrophobic domain of TIG3, similar to the interaction between TIG3 and TG1.
Our findings thus suggest a novel mechanism of dsDNAtriggered innate immune responses mediated by TIG3, TG2 and NF-κB signaling pathway. Further studies should uncover the molecular interaction between TG2 activated by TIG3 and IκBα in detail, to clearly confirm our hypothesis that the activation of NF-κB during dsDNA-triggered immune responses is mediated by IκBα polymerization by TG2 activity rather than the more generally accepted mechanism of IκBα phosphorylation.
